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PREFACE 



During the history of aviation the stresses 
and strains which occur in landing gears during the initial 
part of landing an airplane have not been thoroughly 
investigated. In this thesis a atudy was made of the 
stresses and deflections which occurred upon landing. 

The response and forces resulting from these dynamic 
loads will be of primary concern. 

The testing apparatus is located in building 
Mo. 717 , Rosemount Research Center, Rosensount, Minnesota. 

The reference material used in developing this 
theory, consisting of periodicals and engineering texts, 
were obtained from the aeronautical engineering office 
and the engineering library of the University of Minne- 
sota. 

The author is greatly indebted to Professor* 

J. A. Wise for his guidance and valuable assistance in 
the preparation of this paper. Thanks is also due H. 

Wood for his liberal collaboration in the construction, 
design and testing activities. 

B. V. T. 



Minneapolis— August, 19^9 



?A SLR OF COMTEK'S 



Preface Page 

Summary ............... 1 

Introduction .. ........ 3 

Apparatus and Instruments Ij. 

Testing Procedure . ......... 

Discussion ..... .... 11 

Test Data . 1J4. 

Comparison of the Test and Theory ......... 33 

Conclusion .................... l\l 

Appendix: Theory of Dynamics Stresses in 

Landing Gear of Aircraft . i^3 

Bibliography $ 0 






r 

c 

# 

e 

a 

AL 

It 

It 

iM 



* • • 



4 • 



• * 






* * • 



* * 






rtf J I 

. . . 





, , , . . •••: o 4 » 

• ■ tt r 

... 4 »i k ’% • ' 

Ml 

.... '*'*•«■ 

.«Mi. » ■• ■*•' 

' f % [£%#* 



J}4 



TABLE OP PI OUR S 



Figure Page 

X. Final Assembly of Apparatus .......... lj. 

2. Driving Ifech&nisa of Apparatus . S> 

3. Close Up of Landing Wheel ........... 6 

!j.. Lever and Balance System- ............ 7 

5>. Calibration Curve for Potentiometer ...... lif 

6. Tire Deflection vs. Weight ...... .....15 

7. Oleo Deflection vs. Weight . l6 

8. Brush Oacilliscope Record ...........l? 

9. 18 

thru thru 

23» Brush Oscilliscope Record . . 3 ? 



w 

2ll, Theoretical Displacement (X2) vs. Time 



2 5. Axial Force vs. Tire Pressure 

26. Axial Force vs. Tire Pressure 



38 

39 
1*0 






• • % • ♦ ** 


.... • •«* - m rJ * • -•’ *• ' * 

t •••'"■»' 

- 

, 

• 







•! 

. . . • * 

u 

.+UU 



♦ * t » ♦ 

‘ f • • * • • # 


■ * ... « 

• 

* 

Vw 

’ r . r 

t • ' 

, . , , . ..-••• 



SUMMARY 



This is a preliminary study of the dynamic condi- 
tion* of a landing gear and covers a range from light 
to above average landings. The weight assumed is 
approximately two-fifths of the normal static load on 
a landing gear. In actual landings an airplane wing 
still has lift during its initial phase, therefore, 
these assumptions aro reasonable. 

The experimental work covers the dropping range 
from two to five feet per second with varying tire 
pressures from twenty -four to forty pounds per square 
inch. These two parameters are the only conditions 
varied in this report. 

A theoretical sample problem is worked for these 
conditions: A tire Is assumed with 30 pounds per square 

inch pressure carrying a total weight of one thousand 
and sixty pounds and having a dropping velocity of four 
feet per second. 

A comparison of this problem is made with the ex- 
perimental values. The results indicate that the theo- 
retical force Is 22 per cent greater than the recorded 
data. The period resulting from setting up the equations 
of motion show that it is two and one half per cent less 
than that measured. 
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A moving picture was -»sde of the dropping opera- 
tions aiid is available to show the action in alov -.otion. 
It is filed in Visual "ducation, r.ostbrook Hall, Univer- 
sity of Minnesota under Aeronautical ^gineoring Filins. 
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INTRODUCTION 



This thesis is the initial study in a projected 
series of reports concerning the stresses, strains, 
deflections end general information of a landing gear. 
This is part of a plan created by the Aeronautical 
Engineering Department, University of Minnesota. Only 
a limited phase of the subject will be covored in this 
paper since the scope of the field is far reaching. 

The reason for this limitation is that excessive time 
was required in the original construction of the test- 
ing apparatus. 

First, a method had to be devised to simulate con- 
trolled landings similar to those encountered in an 
aircraft. This set-up was required to be in a labora- 
tory so that accurate readings could be observed and 
recorded. 

A Navy SNJ landing gear was used for testing pur- 
poses. The range of tire pressure was from 2l\. to lj.0 
pounds per square inch, while the sinking speeds were 
varied from ?. to 5 feet per second. These ranges were 
chosen as being close to conventional landing conditions. 

The present data gives sufficient information to 
verify the theory, but 'Ore recordings would have given 
a clearer picture. 
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APPARATUS A‘iD I'iS'RU 1 ' iv'TS 



The problem required a sotup which would simulate 
the actual landing of an aircraft. A large flywheel 
was desired which would withstand heavy weights and could 
be revolved at speeds equivalent to those of landings. 
When a flywheel ten feet in disaster was found, an old 
reduction gear and test engine were used for power. 

This combination took care of turning such a large 
disc. With this material on hand the drawings of the 
pit and assembly were made. 

The final assembly Is shown in Pig. ?Io. 1. 




The driving mechanism is illustrated in Fi*:. Uo. 2. 



After the apparatus iras constructed type C-l f SR-1^ 
strain gaxiges, made by Baldwin Southwark Division of 
the Baldwin Locomotive Works, were placed on the lower 
brace of the landing gear in a to and aft position 
opposite each other so the drag forces could be measured 
Also, gauges were placed perpendicularly to those 
formerly mentioned in order to eat a are the axial forces. 
To determine the relative displacements between the oleo 
and the strut itself a potentiometer with a scissors 
lever ana was installed. A cantilever with dsnper was 
placed in an appropriate position, and strain gauges 
were properly located to raeasuro the -»ove ent and deflec 
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Fig. No. 2 
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tion of the wheel. These gauges can be seen In Pig, 

Ho. 3. 




Fig. Bo. 3 



The leads from the strain gauges and the potentio- 
meter were brought into a Brush Recorder which recorded 
the different forces and amplitudes. The weight of 
the gear was determined by using platfom scales and 
a lever system - Fig, Ko. 1}.. 
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TESTIS a PR 00 'iiURE 



Th® method used in ealibratin these three pairs 
of strain gauges and the one potentiometer are as 
follows: 

(A) A *l ft l Force . The two opposite gauges on the 
fork running parallel to the axis of the s trut measure 
this force. The strain analyser was balanced end no 
load conditions were recorded. In this manner a rela- 
tionship was established between the deflection of the 
oscilloscope and the vertical load applied. A full 
static load was applied end again readings were re- 
corded. In other words, so many millimeters of deflec- 
tion on the recorder indicated a known amount of force. 
Points between full load and no load were checked and 
found In agreement. 

(B) Drag Force . These forces w ere obtained In a 
manner very similar to those mentioned above. Attention 
should be called to the procedure in which a horizontal 
pressure was applied to the strut. A light cable was 
stretched through a pulley where a known weight could be 
suspended. The cable can be seen in Fig. Woa. 1, 3, and 
4.. Here, with known loads, the recorder was calibrated. 

(C) Cantilever Deflections . The displacement of 
the cantilever was measured by adjusting the lending 
gear a known distance above the flywheel; then by 
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lowering the gear ft known deflection *as incurred. This 
deflection was recorded on the Brush Recorder, A rela- 
tion between landing wheel Movement and the recording 
instrument was established through this action. 

(D) Potentiometer . The potentiometer was the only 
article in the instrumentation which was not linear in 
recording characteristics. Here the oleo was deflected 
a prescribed amount end recordings were made. This was 
necessary because the potentiometer was operated by a 
scissors arrangement, and even under these conditions 
the values approached a straight lino. 

Testing procedure was begun when all the instruments 
were tested and calibrated. In order to operate the 
mechanism the Essex (test engine) was started and allowed 
to attain a fair rate of speed before engaging the 
reduction gear. Due to the weight of the large flywheel 
it was necessary to turn it over manually before tying 
in the drive system, gven under these conditions there 
was a great deal of slipping in the belting arrangement. 
This slipping occurred until the flywheel reached an 
approximate speed of twenty-five revolutions per minute. 
Proa this ( polnt the engine assumed control and was able 
to develop the speeds which were obtained during this 
study. The speeds were measured by a strobotac. 

Upon reaching certain flywheel speeds, the operation 
shifted to where the strain gauges end controls for 
dropping had been placed. A quick release mechanism 
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was fastened to an overhead hoist and elevated the 
dropping aria to a height which would give the desired 
sinking speed. Drops were made from heights to represent 
one to seven feet per second velocity at striking. 

When the dropping am was at a desired level the 
a paratxis was ready to simulate a landing. The Brush 
oscilloscopes were started and the quick release mechan- 
ism was tripped. The foreos and deflections which 
occurred during the first few seconds of each lending 
were recorded. This procedure was repeated for the 
various dropping heights and tire pressures until the 
data was completed. 

otion pictures were iade of drops. Pig. l*os. 10 
through 12, at a rate of one hundred frames per second. 
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DISCUS5I0H 



A strut angle of twenty-four degrees was chosen 
as the optimum angle of suspension. It was used as a 
point of departure for this thesis work and was suggested 
from another thesis developed simultaneously by H, food. 
Only the forces up and down the strut are considered 
in developing the theory. This decision was made since 
the gear was in what was estimated to be the best angle. 

The horizontal force problem which is neglected in 
this study is mentioned in the following remarks: 

First: This force may be solved by equating inter- 

nal energy to the external energy, but varying sectional 
moments of inertia pose another condition. 

Second: In noting Fig. Kos. 0 to 23 inclusive, 

the drag and axial forces act in a uniform manner. 
Studying the areas under the force time curves might 
lead to a solution. 

Third: A dynamic study of bearing friction and 

friction when striking contacts are made, may point to 
an answer of the drag force resulting from landing.. 

Drag force is a function of friction and is of major 

”A Study of Dynamic Forces in Aircraft Landing 
Gear Struts with Relation to the Optimum Angle of T\is- 
pension”, H. ood, A. Thesis for Degree of aster of 
Science in Aeronautical Engineering, July, 19^9* 



11 























.1 



. •* 






PM Sl< 






. 



Htll A 









. 

jCIV^' - < • ' 

-a*';, ♦ -* » ► •’ ! " 191 

lPl |JH HIWK ,4 ^ 1 

. . 1 ^ 4 w t* Pf »J % 

. 



M at 
t 

i fltv 



*>• M)I«K1 pllP< ^ r ^» ***** * lint* 

oa tl i m tm ,a« pt» »aWr*Ai «w »AteM 

•#! •« Prt ^ "Ai ^ ,BB1 11 — 

- . . .. Mr « » '• » I “ " -• • • 



>bUuJ *1 •'tovtA Ai a 

mP % *iWA oAa »• 



I . . 






, 

m •**« Mira* ha 




u 



12 



Importance, A syste of vectors and a knowledge of 
abrasion might suggest a solution. 

The damping constant of the oleo was computed as 
follows for all the runs taken at twenty-four degrees. 
The axial force was known at a given time along with the 
spring constant of the strut. The amount by which the 
landing gear deflected for the above period of time was 
also known. These, too, were obtained froi* Fig. Fos* 

3 through 23 # since 

P * CX } kX 

C can be obtained. Following this the average value 
of C from all the readings was computed. 

The spring constants for the system were computed 
by applying static loads to tbs gear and measuring the 
deflections of the tire and oleo. By repeating this 
process a sufficient number of ti es a rather constant 
graph was obtained. Fig. 'Mo. 7« 

The original proposal of this thesis was to study 
the variations of five parameters, but because of 
mechanical failure of the driving apparatus only two— 
dropping velocity and tire pressure— were investigated. 

In the design of the apparatus a curvilinear drop 
is used instead of a true vertical motion. A pivot 
point Is located in line with the top of the large fly- 
wheel joining a dropping arm. Therefore, from the time 
the tire initially touches the landing surface and until 
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the strut is completely deflected, the landing strut 
changes angle from ona to two degrees. The amount of 
change depends on the original angle setting. The 
suspension angle is the angle referred to when the 
scissors of the gear are closed. 
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Calibration: 




Strut Ansrle - 24° Tire Fressure - 2 4# 

leifht^ - 106Q'/ ' Landing Velocity - 58 FP3 

1-aner Speed 125 ram/sec uroppinp Velocitv - 2 FF'S. 




i 
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Calibration: 

Drar - 1 ma ■ 22 Q Cantilever - 1 mm = .375" 

Axial - 5 nm = 93 Q# Potentiometer - Refer to Fip. Ho . 5 . 




Paper Speed 125 mm/sec Dropping Velocity - 3 FPS . 








Fig. No 

Date: 7/10/49 
Strut Angle - 24° 

, Jeight - 1060g 

Brush Speed 125 mm/sec 



10 

Tire Pressure - 24# 
Landing Velocity - 50 r’PS 
Dropping Velocity - 4 FPS . 
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Calibration: 

Drar - 1 ram ■ 220# Cantilever - 1 mai « .375" 

Axial - 5 mm - 93 0 # Potentiometer - hefer Fig. No. 5* 




Fir. No. 11 

Date: 7/10/49 

Strut Anple - 24° Tire Pressure - 24# 

Weirht - 1060,'/- Landin/r Velocity - 58 FPS . 

Brush Speed 125 mm/sec. . Dropping Velocity - 5 FPS. 
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Calibration: 

Drag - 1 mm • 110# Cantilever - 1 mm. = ,4l6n 

Axial - 5 mm « 835# Potentiometer - Refer to Fig. No. 5 




Date: 7/13/49 
Strut Angle - 24° 
Weight - 1060# 

Brush Speed 125 mm/sec. 



Fig. No. 12 

Tire Pressure - 30# 

Landing Velocity - 55.5 FPS 
Dropping Velocity - 2 FPS, 
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Calibration: 

Drag - 1 mm = 110# Cantilever - 1 an ■ .416" 

Axial - 5 mro = 835# Potentiometer - Refer to Fig. No. 5. 




Strut Angle — 24° Tire Pressure — 30# 

Weight - 106Q# Landing Velocity - 55.5 KPS. 

Brush Speed 125 mm/sec. Dropping Velocity - 3 FPS. 
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Calibration: 

Drag - 1 ram = 110# Cantilever - 1 ram = .U16" 

Axial - 5 ram » 835# potentiometer - Refer to -Fig. No. 5. 
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Calibration: 

Drag - 1 mm = 110# Cantilever - 1 mm - .416" 

Axial - 5 ram - 835# Potentiometer - Refer to Fig. No. 5. 




Fig. No. 15 



Date: 7/13/49 
Strut Angle - 24° 

'/eight - 106C# 

Brush Speed 125 mm/sec. 



Tire Pressure - 30# 

Landing Velocity - 55.5 FPS 
Dropping Velocity - 5 FPS. 
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Calibration: 

Drag - 1 mm = 110# Cantilever - 1 ram = ,416 " 

Axial - 5 ram « 835 # Potentiometer - Refer to Fig. Mo. 5. 




Date: 7/13/49 

Strut Angle - 24° Tire Pressure 35// 

Weight - 1060 # Landing Velocity - 56 FPS 

Brush Speed 125 mm/sec Dropping Velocity - 2 FPS, 
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Drag - 1 mm = 110# Cantilever - 1 ran » .116" 

Axial - 5 nan ■ 835# Potentiometer - Refer to Fig. No. 5. 




Weight - 106Q# Landing Velocity - 56 FPS 

Brush Speed 125 rnm/sec. Dropping Velocity - 3 FPS. 
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Drag - 1 mm = 110// Cantilever - 1 nun = .416“ 

Axial - 5 nun ** 83 5# Potentiometer - liefer to Fig. No. 5. 




Strut Angle -24° 

Weight - 1060# 

Brush Speed 125 nun/sec. 



• Tire Pressure - 35# 
Landing Velocity - 56 FPS 
Dropping Velocity - 4 FPS 
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Calibration: 

Drag - 1 mm = 110# Cantilever - 1 mm * .416" 

Axial - 5 mm - 835# Potentiometer - Rei'er to Fig. No. 5. 




Fig. 

Date: 7/13/49 
Strut Angle - 24° 

Weight - 1060# 

Brush Speed 125 mm/sec. 



No. 19 

Tire Pressure - 35# 
Landing Velocity - 56 FPS 
Dropping Velocity - 5 FPS« 
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Drag - 1 ran • 110# Cantilever-1 mm - .208” 

Axial - 5 ram ** 835# Potentiometer - Refer to Fig. Mo. 5 




Date: 7/13/19 
Strut Angle - 21° 
Weight - 1060# 

Brush Speed 125 mm/sec. 



Tire Pressure - 10# 
Landing Velocity - 56 FPS. 
Dropping Velocity - 2 FPS. 
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Calibration: 

Drag - 1 am * 110# Cantilever - 1 ran ■ .208" 

Axial - 5 mm - 835? Potentiometer - Refer to Fig. No. 5. 




Strut Angle - 24° 
Weight - 1060# 

Brush Speed 125 mra/sec 



Tire Pressure - 40# 
Landing Velocity -56 FFS. 
Dropping Velocity - 3 FPS, 
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Date: 7/13/49 
Strut Angle - 24° 
Weight- 1060# 

Brush Speed 125 mm/sec. 



Fig. No. 22 

Tire Pressure - 4C$ 
Landing Velocity - 56 FPS. 
Dropping Velocity - 4 FPS. 
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Calibration: 

Drag - 1 ram • 110# Cantilever - 1 mra - .208" 

Axial - 5 ram s 835# Potentiometer - Refer to Fig. No. 5* 




Strut Angle - 24° 
Weight - 106Q# 

Brush Sneed 125 mm/sec. 



Tire Pressure - 40# 
Landing Velocity - 56 FPS. 
Dropping Velocity - 5 FPS . 



COMPARISON OF THE Tl'ST AND TP -ORY 



The following problem incorporates the constants 
computed into the theory developed. 







»1 5 939 # 
w 2 * 121 # 

H x = 29.16 #ae c. 2 /ft. 
v 2 = 3.76 sec .2/ft . 

^effective a ^measured 035,1 0 
k x * 153J + #/ft. 

k 2 « 11230 #/ft. 
off 

-4 * -.09!}. ft. 

k 2 * 12300 #/ft. 

mens 

'A2 * **• >36 ft. 



DETERMINATION OF (C) DAMPING CONSTANT 



Example: 

. dx 1.07 , _ 

.From Fig. No. I 4 . x * * ~ZcT s 26.3 ft. /sec. 

at t » .Oij. sec. 

Rl = 69 #/in. 

f * —y^ x Q35 # * 1615 # 



Oleo Deflection = 1.07 inches 
P = C' \ k x 

l 6 l$ = C26.8 f 69 x 1.07 

C s - 57. S #scc./in. 

C * 683 # sec. /ft* 
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Cave. * 

Equations of Motion 

-Mi Xj - C(Xi - x 2 ) - ^(xx - x 2 ) * 0 
-M 2 X 2 - k 2 x 2 + k x {xx - x 2 ) 4 C(xx - x 2 ) s 0 
Or 

sk + 19653 t 3,475. 65 s 2 t 67,132.05s f 162,965.34 

= 0 



By Synthetic Division • 

Sx = -2.759 

5 2 * 173.62 

5 3 * -7.31 -i 16.65 
s 4 = -?.31 +i 16.65 




A s $x A* 

B = $ 2 B» 
G * 0 3 C» 
D = ^ 0' 



A 3 -50.03A’ 

B = -.l4lB» 

C * .663 * 1 ,86Z 
D * .663 - i .362 



A * 





s £l* 

K * 



S = i 236,359.32; 



Ex = 1 2133.93; 
e 2 = -i 4866.03; 
e 3 * -32.145 - i 14.91 
E[j_ s +32.145 - i 14.91 



D* = ^ 

E 

a* = .00745; 

13 * * -. 01699 ; 

c» « -.052 + i 
d« 2 -.052 - i 
A = -.373 
B = . 0024 ; 



. 112 ; 

.112; 
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c » -.131 + i . 029 ; 

D a -.131 ** i .029; 

Xl = -.373«- 2 * 759t ♦ .002i^-178.62t f e -7«31t ( _. 262 

cos. l6.65t + .053 sin l6.65t) 

x 2 * * 007 i| 5 «~ 27 ^ 9t - .Ol 699 «" 17 i,62t * o ^* 31 (-.lolj. 

cos* l6.65t + ,22k. » in l6.65t) 



Frequency, 

- f * #■ * 2V V l6 * 6 ? * * * 6Sl ops 

Period of Vibration, 



T 



2TT _ 6.28 - 

” - 1535 * 
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There is 8 close agreement between the test data 



and the theory. The computed period of vibration is 
.377 seconds whereas the e^> erirsental period is . 388 
seconds. The theory la within 2*8 per cent of the expari- 
mental values. The theoretical maximum force for the 
landing gear’s dropping velocity of four feet per second 
shows an axial force of 2^40 pounds. An experimental 
force, 1910 pounds, was indicated on the Brush recorder. 
The association between these two values is not as close 
as that of the period previously mentioned. The affi- 
nity between the maximum theoretical force is 22 per cent 
greater than in the experimental axial load. 

From Fig. Nos. 6 & 7 chosen the values of spring 
constant used in the illustrated problem. These values 
are not true constants, but are assumed to be in order 
to simplify computations. For example, as the air com- 
pressed in the oleo,th« force versus distance curve 
wa3 not of a linear relation. This was also true for 
the tire. In other words, these "spring constants” are 
not in reality, constant. Had they been a true constant 
the agreement between the theoretical end experimental 
would have been closer. 
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CONCLUSION 



The data of this experiment indicates that the 
theory end the experimental results agree quite closely. 

As the tire pressure increases the axial force 
increases. At the slower striking velocities the effect 
of the tire pressure is not as noticeable as when the 
vertical forces are of a greater magnitude. In Pig. 

Ho. 25 there is an indication that the axial force 
increases by the square as the dropping velocity in- 
creases linearly. On log paper (Pig. Ho. 25) the graph 
shows equal distances between the curves at constant 
tire pressure. These equal distances increase between 
the curves as the pressure of the tire becomes greater. 
This gives an increasing slope. Pig. Ho. 26 shows a 
betteh picture of this slope and Indicates more clearly 
that as the tire pressure Increases the force along the 
strut increases. 

Both the Brush Recorder and motion picture show 
that a temporary frequency Is introduced Into the system 
during the first phase of landing impact of the landing 
gear. This frequency results from the drag forces im- 
posed on the strut, and the vertical vibrations of the 
tire. The film Indicates that the landing -ear, after 
its initial contact with the flywheel, does not leave 
the landing surface. 
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The theoretical end ©xperi"«ntal development points 
out that critical damping for the oloo had boon reached. 

It is recommended that a more complete study be 
made of the “spring constants'*, damping characteristics, 
and dynamic friction involved in the problem of landing 
gear. 
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APPENDIX 




* spring con- 
stant of Oleo 
strut 

kg = spring con- 
stant of tire 

C = damping con- 
stant of oleo 
strut 

Wt = weight of air- 
plane 

Wg * weight of wheel 
and lower half 
of strut 

M - mass 



A,3,C,D, 

A» ,B» ,C» ,D» 



con- 

stants 



1 s imaginary unit 



s - complex frequency 



Prom the forces acting on this diagram the equation of 



motion can be written. 



(1) - mi 2^ - c{ - ± 2 ) ~ ki (*i - x 2 ) = 0 



(2) - mg&g • k 2 x 2 * k l( x l ~ x 2^ + c (*l “ s 0 

Let: xi * Ae sfc *i = SAe at ^ * S 2 Ae st 

Xg = Be 8 ^ Ag * »Be at Xg - s 2 Be 3 ^ 



Subs, in (1) and (2) the following results 

(3) (-mi *2 - cs - k^)Ae 3t 4 Be at (cs 4 ki) * 0 

(I4.) (-i?12s 2 - cs - ki - ks) Be at t Ae st (cs + ki) = 0 
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The e st cancels— -Then putting into deterwin&nt form and 
solve for a (which is the freq.) 



(£) -mi* 2 - cs 

(6) ca + ki 



ki Ca 4 

-*2 8 ^ - ea - kj - kg 



= 0 



Solve the resultant equation 

(?) 4 (“i 4 ®2) c *3 4 ( k l a i + k i m 2 4 k2®i)S l 

4 k2ca 4 kjk^ « 0 

Lotting a * - fo -i l . f ... ?2L . 9 
® 1«2 

b s k l K l t k l m2 h k2®i 
ra l m 2 



c s 



®l m 2 



d = k * k 2 
a l®2 

(8) s4- ♦ as3 4 bs 2 + cs + d * 0 



Brots "approximate factorisation* gives a relative close 
solution for this equation under certain c onditlons: 

f(s) s (a 2 4 as 4 b) (|2 4 |s i y) « 0 
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Synthetic division give better results, 
following can be written: 



45 

•ith this, the 



( 11 ) xx s Ae 8 lfc +■ Be 8 2 i + Ce s 3 ^ + De® 4 ^ 

(12) x 2 a A*e s l l + B»e a 2t + C»e*3 t * l)*e s 4 t 



Then put A in terns of A* 



or 



(-mx » 2 - cs - k±)h * (Ca + 

(cs * k^)A * ( -m 2 s^ "* c a - kx - k 2 )A* 

(13) A = T~ A» = ^ X A» 

n l s l 2 i eii -t ki 1 



a 0 



(i 4 ) b . £* 2 -LJa 



^ 1 ^ 2 ^ ir CS &2 4 kj 



us, c » 



® 1 * 3 ^ + C 83 +■ kx 



( 16 ) p * ffk-jJSL 



+ c *4 *» k i 



B* 5 



C» * ^3 C* 



P* s 01>D’ 



Sow set up boundary conditions 

at t = 0 Xx s -A, x 2 = - A 

^1 = vo ^2 



£-> s vo 



where - Ax and -A 2 squsl the distance from center of 
nass to equilibrium position 
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-4 mi*k 

' ^2 

(17) -A 1 * W* § t Be*^ 4 Oe 8 ^ 4 D«*4^ 

(10) -4 2 * A*o Sit 4 B»©* 2t -f C*e*3 fc 4 

Lot ¥ 0 * The drop; Inn velocity of tins la/iding gear 
and talcing derivative, gives 

(19) v 0 « sxA#®i fc + s 2 B * il2t 4 *^>* 4 yg¥ 

(20) V 0 « 3xA*e Slt 4 SgB'o*^ + s 3 C»o*3 fc 4 IUS**%* 

n««ritlng (1?) «wt (17) 

(21) -Ax * ^xA*o* xt 4 0 2 B»«*2^ ^ 0^*®»3 fc 4 ^ 

» »:«t 

y*e 

( 22 ) V© * 5 1 0 1 A»e* lt 4 H Ij^*# - ** * 

Hare ®re four equations, four unknowns putting in deter- 
crinar.t foma: 
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Therefor > i ' 

1% Ep S }, 

; b * ; c * * ^4 ; d * = -^ 

Substituting In ( 11 ) and ( 12 ) the equation* of notion 
result. 

( 23 ) xi 2 f ^ *> ^ #3®*^ + 

(21+) * 2 = #• .*!» + §2 0 »2t , ^ .* 3 * + St .V 

Let 33, S2» 0.3, and si^ be ednplex roots. 

Or, 

S3 * aj f i«o sj * ag ► 1^2 

s 2 « ai - IcO s « &2 - i<u 

Again (II) and ( 12 ) can be written 

(25) x x = Ao'** 4 i 03 !’ 1 ► z<l*l - *“!** + 0a («2+l“2) t 
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« cos «i t i sin 

e -iwfc B cos o:t - i sin <ot 
(25) and ( 26 ) are irrltten: 

(27) xi = Ae^e-^lk 4 Be*l t ’e~ itt 3- t f Ce*2t 0 +i*2t 

t De*2t e -i^ 2 t 

( 28 ) xg s A*e ai » 4 w l t 4 B’e^V^l^ 4 C*«® 2 ^ 

(29) xx s (a ©os + Ai sin **^t) e a lt 4 »* 2 t 

(Bcos # 2 .t - Bi sin «»xt) 4 o c 2- (c cos 
w* t» 4 Ci sin t 4 e®** ^ ( cos *<^fc m 
Pi sin «r 2 t) 

(30) X2 * (A* cos <*xt + A*i sin •» i t)e a l t 4 e a lt 

(B» cos to t - B’i sin s^t) \ e fl2t (C* 
cos s» 2 t 4 C*i sin c^t) 4 o' '° fc (t>* cos 
<# 2 t - D*i sin if^t) 

Combining (29)and (30) using De Helve 1 ® Theorem 

(31) xx * •*!* (Cxcos »xt 4 c 2 ain •it) 4 •*** 

(C 3 cos tJ 2 t 4 C)± sin «*> 2 t) 
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(32) x 2 s ® ait < c l* cos * 1 * + ° 2 ' 
c a2t (C 3 > cos «^»fc - tty* 



where 

Ci = (A ♦ B) 

C 2 * (A - B)i 

C3 * (C + D) 

CJ^ * (C - P)i 
C»3 « (A* f B» ) 
Cl 2 2 (A’ " »*)1 
C * ■ = (CM B") 
Ci^-x (C* - D»)i 
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